The recent discovery of Negative Differential Mobility (NDM) in intrinsic single-crystalline diamond enables the development of devices for high frequency applications. The TransferredElectron Oscillator (TEO) is one example of such devices that uses the benefit of NDM to generate continuous oscillations. This paper presents theoretical investigations of a diamond TEO in the temperature range of 110 to 140 K where NDM has been observed. Our simulations map out the parameter space in which transferred-electron oscillations are expected to occur for a specific device geometry. The results are promising and indicate that it is possible to fabricate diamond based TEO devices. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4952766]
The recent discovery of Negative Differential Mobility (NDM) in intrinsic single-crystalline diamond enables the development of devices for high frequency applications. The TransferredElectron Oscillator (TEO) is one example of such devices that uses the benefit of NDM to generate continuous oscillations. This paper presents theoretical investigations of a diamond TEO in the temperature range of 110 to 140 K where NDM has been observed. Our simulations map out the parameter space in which transferred-electron oscillations are expected to occur for a specific device geometry. The results are promising and indicate that it is possible to fabricate diamond based TEO devices. Published by AIP Publishing. The carrier drift velocity in semiconductors is normally proportional to the electric field at low fields and saturates at high fields; nonetheless, Gunn observed that the velocity could behave in a different way. He discovered that at high fields, the electron drift velocity in Indium Phosphide and Gallium Arsenide decreased with an increase in the electric field. 1, 2 This was later called Negative Differential Mobility (NDM) or Negative Differential Resistance (NDR). 3 The phenomenon generally appears in direct bandgap III-V and II-VI semiconductor materials with non-equivalent valleys, such as GaAs, 1 InP, 1 InAs, 4 ZnSe, 5 and CdTe. [5] [6] [7] [8] When increasing the applied electric field, electrons with a lower effective mass at the central conduction band valley are heated up and transferred into satellite valleys where they have a higher effective mass, thus decreasing the drift velocity and causing NDM to occur. This effect is not expected to occur in indirect bandgap materials but has previously been reported for silicon at a temperature below 45 K. 9 Furthermore, the phenomenon has been observed in intrinsic Single-Crystalline Chemical Vapor Deposition (SC-CVD) diamond. 10 With an applied electric field of 300 to 600 V/cm in the [100] direction, the NDM effect was observed in a temperature range of 110 to 140 K. Since diamond is an indirect bandgap material, this effect occurs in a somewhat different way. 10 Diamond has six equivalent conduction band valleys oriented along the {100} directions with a uniquely low scattering rate between these valleys. 11, 12 Short wavelength lattice vibrations are required for intervalley scattering but these are, in diamond, absent at low temperatures due to the rigid lattice. Electrons in these valleys have a different longitudinal (m l ) and transversal effective mass (m t ), which cause a strong anisotropy in the transport properties of the polarized electrons. If an electric field is applied in the [100] direction, two valleys are aligned in parallel (on the (100) axis) and four valleys orthogonal to the field (on the (010) and (001) axes). The electrons in the valleys on the (100) axis respond to the electric field with the longitudinal effective mass (m l ¼ 1.15 m 0 ), and electrons in the valleys on the (010) and (001) axes respond with the transversal effective mass (m t ¼ 0.22 m 0 ). 13 At low electric fields, the electron drift velocity is proportional to the field. By increasing the electric field, the electrons in the orthogonal valleys are heated up more than the electrons in the parallel valleys due to the difference in their effective masses (m t < m l ). The electrons from the orthogonal valleys reach the energy threshold for longitudinal acoustic (LA) phonon emission of 120 meV (Ref. 14) first, which leads to a strong repopulation of conduction band electrons from the orthogonal to the parallel valleys. With an even higher electric field, the electrons will re-scatter into the orthogonal valleys whenever electrons in the parallel valleys reach a sufficient energy. This is shown in Fig. 1 . If this repopulation is strong enough, the NDM effect can be observed. Electric current instabilities can then build up which give rise to oscillations called transferred-electron oscillations.
The Transferred-Electron Device (TED) or Gunn diode is one type of negative resistance oscillator which uses NDM to generate continuous oscillations. It is an important device in microwave applications up to 150 GHz and is mainly used for microwave generation as a local oscillator or as a power amplifier. By applying an electric field within the region giving the negative resistance, the internal space charge Author to whom correspondence should be addressed. Electronic mail: jan.isberg@angstrom.uu.se distribution and the internal electrical field distribution become unstable which makes the TED unique compared to other devices based on NDM, such as the tunnel diode and the impact ionization avalanche transit time (IMPATT) diode. 15, 16 Even though the efficiency and the output power of TEDs are generally lower than that of IMPATT diodes, TEDs typically generate less noise, operate at lower voltages, and are somewhat less complicated to design. It is not unlikely that TEDs will become important in solid-state microwave sources used in detection systems, remote controls, and microwave test instruments. 16 In this paper, we investigate the theory of transferred-electron oscillations in diamond using a computational approach to map out parameters for which oscillations can be expected to occur in a proposed experiment.
One and two dimensional models of a TransferredElectron Oscillator (TEO) have been created in COMSOL Multiphysics and analyzed using its Finite Element Method (FEM) solver. A DC bias voltage was connected to a TED, in this case diamond, in series with a resonant circuit. This can be seen in Fig. 2(a) . The TED model is based on SC diamond using Maxwell's displacement current and driftdiffusion equations at location x and time t, where the total current density can be found from
where J tot ðx; tÞ, J n ðx; tÞ, and J p ðx; tÞ are the total, electron, and hole current density; e r and e 0 are the relative permittivity of diamond and the vacuum permittivity; U is the electrostatic potential; q is the elementary charge; T is the lattice temperature; k is the Boltzmann constant; l p is the hole mobility; l n ðEÞ is the electron mobility as a function of the electric field; nðx; tÞ and pðx; tÞ are the electron and hole concentrations, respectively. The electron and hole concentrations can be calculated using Poisson's equation and the continuity equations
where g n and g p are the electron and hole generation rate and R SRH is the Shockley-Read-Hall (SRH) recombination rate. The SRH recombination rate is given by
where s n and s p are the electron and hole life time, respectively. The simulations are based on previous results where we have observed the NDM effect in a temperature range of 110 to 140 K using Time-of-Flight (ToF) measurement. At 110 K, the NDM effect was most clearly pronounced. 10 An analytic expression of how the magnitude of electron drift velocity (v d ) depends on the magnitude of the electric field (E) is found by fitting our experimental electron mobility data at 110 K (seen in Fig. 2(b) ) to the quotient of secondorder polynomials. The analytic expression
with the electron drift velocity given in cm/s, and the electric field given in V/cm describes well the experimental data for E 1400 V/cm. This means that the electron mobility l n (in contrast to the hole mobility, l p ) is not assumed constant.
Instead it is strongly electric field dependent as can be seen from the expression above. The proposed experiment is based on our previous results 10 that were achieved through ToF measurements where a pulsed UV laser was used to generate electron-hole pairs. The inset in Fig. 2(b) shows a plot with data from a ToF experiment together with the results from a driftdiffusion simulation, showing good agreement for the measured current. This comparison was done to give credibility to the use of drift-diffusion transport simulations and to the choice of contact model. Here, we assume blocking contacts and these are modeled using contact recombination For the simulation of TEO, we use a continuous carrier generation with just-above-bandgap photons having a deep penetration depth that are absorbed according to the Beer-Lambert law and can be expressed as
where I is the photon flux, j the absorption coefficient, and x is the penetration depth. For deep penetration, a possible source would be a HeAg-excimer laser at a wavelength of 224 nm. Commercial quasi-CW HeAg lasers are becoming available in the market, with pulse lengths in the 100 ls range, i.e., much longer than the electron transient time (ns). Constants used in the model are
, e r ¼ 5.7, T ¼ 110 K, and E g ¼ 5.47 eV. Additionally, s n ¼ s p ¼ 10 ls was used in the simulations. 12 However, any values of s n and s p above 100 ns yield essentially the same results. The hole mobility is assumed to be 12 000 cm 2 /V s and field independent. 17 The diamond is connected in series to a resonant circuit, the total current through the TED is equal to the total current through the TEO, and the voltage over the TED is the difference of the applied voltage and the voltage across the resonant circuit, see Fig. 2(a) .
Electron-hole pairs are generated in the bulk with the highest generation rate near the illuminated contact and gradually diminishing towards the other contact as the light is attenuated in passing through the diamond. Because of the polarity of the applied voltage, holes will be extracted at the illuminated side while electrons will drift to the other side. In 1D, we assume one-dimensional diffusion along the E-field direction. In 2D, we assume diffusion in the plane. The influence of diffusion is rather small and can be neglected, but we have chosen to include it in the simulations for completeness. If the voltage over the TED is such that the associated electric field in the absence of charge is within the negative resistance region, an excess in the electron concentration will tend to grow with time until the electrons are extracted at the contact, as can be seen in Fig. 3 . The figure shows the 1D and 2D model simulation results of the electron concentration for half of the oscillation period for steady-state oscillations.
By generating free charge carriers with a continuous light source, the process explained above builds up electric current instabilities and gives rise to oscillations. This can be observed as changes of voltage across and changes of current through the diamond over time. The results of these voltage oscillations as a function of time for both the 1D and 2D model can be seen in Fig. 4 . They show the desired gradual increase in oscillation amplitude (defined as the difference between the maximum and minimum voltage), which eventually reaches a periodic steady-state. The rather good agreement between the 1D and 2D model indicates that there are no significant advantages of using the 2D model. Because of this and due to the increased simulation time using the 2D model, further investigations focus on the 1D simulation of the TEO. The sample thickness, applied voltage, inductance, capacitance, and resistance of the RLC circuit are varied to optimize the oscillations in the device, and the values of these parameters are summarized in Table I . The influence of varying the parameters can be seen in Fig. 5 . The transferred-electron oscillations occur at an applied voltage of 25-34 V for a sample with thickness in the range of 400-500 lm. The exact values of inductance and capacitance in the circuit have no critical influence on the amplitude, but the resistance should be kept above 0.5 MX for oscillations to occur. In addition, previous results indicate that the diamond sample has to have a neutral impurity concentration lower than 2 Â 10 15 cm À3 and an ionized impurity concentration lower than 4 Â 10 13 cm À3 in order to achieve the NDM. 10 Previous experiments have demonstrated the presence of NDM in diamond. This follow-up paper exploits this property and investigates the possibility of achieving transferred-electron oscillations, using FEM simulations. After comparing the 1D and 2D models, one could establish the absence of significant discrepancy between these models; hence, the focus is on the 1D simulations. According to the presented findings, it is possible to create such oscillations in diamond devices at around 110 K. It seems that the applied voltage and sample thickness are more critical than the parameters of the resonator. These discoveries are highly encouraging concerning the prospect of fabricating TEO devices based on diamond and give a detailed insight on how to achieve this goal. The experimental discovery of transferred-electron oscillation in diamond could lead to important devices in microwave applications such as microwave generators or power amplifiers. FIG. 5 . Visualization of the results of the simulations, where in (a), the inductance is varied; in (b), the capacitance is varied; in (c), the resistance in the RLC circuit is varied; and in (d), the sample thickness is varied.
